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ABSTRACT 
Pontocerebellar Hypoplasia (PCH) is a term used to describe a set of human neurological 
disorders characterized by microcephaly, developmental delays, and intellectual disability. PCH 
is associated with mutations in several different tRNA processing factors. Mature tRNAs are 
generated by multiple RNA processing events, which can include removal of intervening 
sequences (introns). In humans, the tRNA splicing endonuclease (TSEN) complex removes 
introns located in the anticodon loop of certain pre-tRNAs. This complex also contains the RNA 
kinase, CLP1. We wanted to determine if the neuronal phenotypes associated with mutations in 
human TSEN or CLP1 are conserved in other organisms. To this end, we identified the gene 
crowded by cid (cbc) as a CLP1 ortholog in the fruit fly Drosophila melanogaster. We 
characterized mutations in cbc and the fly ortholog of human TSEN54 using assays for viability, 
locomotion, and larval brain morphology. We observed that mutations in cbc and tsen54 resulted 
in reduced viability, developmental delays, impaired locomotion, and reduced brain lobe volume. 
These mutations also resulted in increased cell death in larval brains. Our findings indicate that 
we can model a human neurological disease in a genetically tractable invertebrate. We plan to 
use these models to test linkages between tRNA processing and disease phenotypes in order to 










Transfer RNAs (tRNAs) are crucial for protein expression, as they translate the sequence 
of mRNAs into polypeptides. In order for mature tRNAs to carry out their role in protein 
production, pre-tRNAs must go through several processing events (Yoshihisa, 2014). In all three 
kingdoms of life, a subset of pre-tRNAs contains introns and thus must undergo intron removal 
before maturation (Yoshihisa, 2014). In humans, tRNA splicing is carried out by two main 
enzymatic complexes. The tRNA splicing endonuclease (TSEN) complex cleaves introns from 
pre-tRNA molecules (Budde et al., 2008). After cleavage, a complex containing the RNA ligase 
RtcB joins the spliced ends of the two exons to generate a mature tRNA (Popow et al., 2011). 
Recent work from our lab has shown that in the fruit fly Drosophila melanogaster, pre-
tRNA splicing produces two molecules: a mature tRNA and a circular RNA formed from 
ligation of the excised intron ends (Lu et al., 2015). These circular RNAs are called tRNA 
intronic circular (tric)RNAs (Lu et al., 2015). The formation of tricRNAs appears to be specific 
to archaea and animals; in plants and fungi, tRNA introns are linear and rapidly degraded (Lu et 
al., 2015). 
In humans, the TSEN complex contains a protein called CLP1 that is involved in mRNA 
3' end processing and acts as an RNA kinase in vitro; it is able to phosphorylate the 5' end of 
tRNA 3' exons upon cleavage by TSEN (Weitzer & Martinez, 2007). Although the role of CLP1 
in pre-tRNA splicing in vivo is not known, mutations in CLP1 have been shown to affect its 
interaction with the TSEN complex, reducing the pre-tRNA cleavage activity (Karaca et al., 
2014; Schaffer et al., 2014). 
Despite this lack of in vivo molecular data, there are reports of neurological diseases 
associated with mutations in the tRNA processing factors. Pontocerebellar Hypoplasia (PCH) 
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includes a group of human neurological disorders characterized by developmental delays, 
microcephaly, and intellectual disability (Cassandrini et al., 2010). Certain subtypes of PCH are 
associated with mutations in the TSEN complex (Budde et al., 2008) and CLP1 (Schaffer et al., 
2014). In addition, there are studies of mutations in tRNA processing factors in animal models. A 
study characterizing homozygous mutant CLP1 kinase dead mice resulted in similar neurological 
phenotypes to human PCH patients (Hanada et al., 2013). Mice with kinase-dead CLP1 activity 
died within hours of birth from respiratory failure as a result of impaired innervation of the 
diaphragm (Hanada et al., 2013). These mice also exhibited progressive loss of lower motor 
neurons, leading to fatal loss of motor function (Hanada et al., 2013). The loss of motor function 
in mice manifested as increasingly shorter walking strides as the mice aged (Hanada et al., 2013). 
In addition to the study of CLP1 in animal models, the TSEN complex has been studied in 
zebrafish, where the depletion of TSEN54 by morpholino injections resulted in cell death in the 
embryonic brain (Kasher et al., 2011). 
We wanted to determine if the neurological phenotypes observed in human PCH patients 
and animal models are conserved in fruit flies. Drosophila melanogaster is an effective model 
that can be used to understand human genetics. Drosophila are cost-effective and have a short 
developmental timeline of 10 days, which allows us to maintain a larger sample population. 
Additionally, many human genes are highly conserved in fruit flies, which makes them an ideal 
candidate to better understand human genetic processes. Furthermore, tricRNAs are produced in 
the tRNA splicing process (Lu et al., 2015; Schmidt et al., 2019); due to their high abundance 
and incredible stability, tricRNAs can be used as a readout for tRNA splicing efficiency. 
Therefore, we wanted to identify the fly orthologs of CLP1 and TSEN54 in order to characterize 
mutations in this fruit fly model (Figure 1; Figure 2). Based on sequence homology, we 
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identified the ortholog of TSEN54 to be CG5626 (Figure 1), and the ortholog of CLP1 to be 
crowded by cid (cbc) in Drosophila (Figure 2). We characterized homozygous mutations in cbc 
and CG5262 using viability, locomotion assays, and analysis of the larval brain size.  
 
Figure 1: Protein alignment of human TSEN54 and Drosophila CG5626. TSEN54 and CG5626 
are 40% identical. 
 
 
Figure 2: Protein alignment of human CLP1 and Drosophila crowded by cid (cbc). CLP1 and 






Fly Culture:  
Fly stocks were cultured on molasses food at 25°C in half-pint bottles. Oregon R (OR) 
was used as a wild-type control. All of the Bloomington stocks utilized traditional second and 
third balancer chromosomes; therefore, the balancer chromosomes were changed to ones with 
GFP markers, which allowed for early negative selection of the cbc homozygous mutants. The 
stocks used in this experiment are listed in Table 1. 
Allele Stock number Description 
cbc1 27620 Point mutation; A37T 
cbc2 27621 Point mutation; Q5X 
cbc3 17812 p-element insertion in 3' UTR 
TSEN541 18077 p-element insertion in 2nd exon 
TSEN542 36235 p-element insertion in 4th exon 
Table 1: Fly stocks used obtained from Bloomington Drosophila Stock Center at Indiana 
University. 
 
Viability Assay:  
At least seven female virgin and two male adult flies were placed in collection cages and 
allowed to lay eggs on molasses agar plates. The plates were aged two days to allow time for the 
embryos to hatch into larvae. 50 homozygous larvae were picked into a molasses food vial, and 
this process was repeated four times (250 total larvae in 5 total vials per genotype). For cbc and 
TSEN54 homozygous mutants, the GFP-negative larvae were picked. Over the next few days, 
the number of larvae that pupated and the number of adults that eclosed were counted and used 
to calculate percent pupal and adult viability. 
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Locomotion Assay:  
A locomotion arena was set up by placing an agar stage under a box in order to create a 
dark, non-reflected background. A camera was placed over the agar stage. Five larvae were 
placed near the center of the agar stage. The larvae were allowed two minutes to become 
acclimated to the arena and begin to move. The free-moving larvae were recorded for 1 minute. 
The larvae were placed in molasses food vials during the periods between each development 
point of video. The video recording of the larvae was processed using ImageJ with the wrMTrck 
plugin. 
Brain Stains and Imaging:  
Third instar wandering larvae were gross dissected in PBS (phosphate-buffered saline) 
using sharpened forceps in order to expose the larval brain. The inverted carcasses were fixed in 
4% formaldehyde, washed three times in PBT (0.1% TritonX-100 in PBS), blocked in PBT-G 
(1% normal goat serum + 0.3% TritonX-100 in PBS), and incubated in a cleaved caspase-3 
primary antibody diluted in PBT-G [Caspase-3 Rabbit Antibody, 1:100 (Cell Signaling 
Technology #9661)] overnight at 4˚C. The next day, the inverted carcasses were washed three 
times in PBT before adding the secondary antibody [Alexa 488-conjugated anti-Rabbit, 1:1000 
(Life Technologies ref# A11008)] as well as a fluorophore-conjugated antibody used to detect 
neurons [Alexa 647-conjugated Goat anti-HRP, 1:500 (Jackson ImmunoResearch Laboratories 
Inc. 123-605-021)] and left overnight at 4˚C. The third day, the inverted carcasses were washed 
three times in PBT before fine dissecting the larval brain. The brains were mounted on a slide 
with mounting media (Antifade + DAPI). The slides were imaged using a Zeiss 710 confocal 
microscope, and the images were processed on ImageJ. Brain volume was calculated according 
to (Poulton, Cuningham, & Peifer, 2017).  
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Statistical Analysis:  
The data from viability assays, locomotion assays, brain size, and apoptosis count were 
analyzed with an unpaired t-test. The significance values used were: * p-value < 0.05; ** p-value 










In order to observe the effects of the cbc and TSEN54 mutations at the larval and adult 
stages of the Drosophila development, we conducted viability assays on the Oregon R (OR), cbc 
mutant, and TSEN54 mutant flies. The OR flies were used as the wild-type control. All cbc and 
TSEN54 mutant genotypes displayed a significant reduction in pupal viability when compared to 
wild-type (Figure 3A). Of the cbc mutant flies, cbc2 homozygous mutants had the most severely 
reduced viability and were embryonic lethal, mostly likely due to a truncated protein (Figure 
3A). Therefore, no other data were obtained from cbc2 homozygous mutants. Both cbc1 and cbc3 
homozygous mutant flies displayed roughly 60% pupation (Figure 3A). Of the TSEN54 mutants, 
TSEN541 mutants died at the third instar larval stage while only TSEN542 mutants pupated about 
50% (Figure 3A).  
We next determined the fraction of larvae that eclosed into adult flies. All cbc 
homozygous and TSEN54 homozygous mutants had a high significance in reduction of adult 
viability (Figure 3B). While a very small number of cbc3 adult flies were observed, there were no 
cbc1 adult flies that eclosed (Figure 3B). Both TSEN54 homozygous mutants died before the 
adult fly stage (Figure 3B). TSEN541 homozygous mutants died before pupation and therefore 
had no eclosion of adult flies (Figure 3). Although TSEN542 did have about 50% pupation rate, 





Figure 3: The cbc homozygous mutants and TSEN54 homozygous mutants have reduced pupal 
and adult viability. A) Pupal viability. B) Adult viability. Circles below the axis denote zero. 
Purple is for cbc mutants, and green is for TSEN54 mutants. Error bars represent standard error 
of the mean. n = 250 per genotype. *** p < 0.001. 
 
In addition to the reduced viability observed in both PCH patients and animals bearing 
mutations in tRNA processing factors, researchers also found locomotor defects in these subjects 
(Cassandrini et al., 2010; Hanada et al., 2013; Namavar et al., 2011). To determine if these 
phenotypes were conserved in Drosophila, we performed locomotion assays on third instar 
larvae of each mutant genotype. All of the cbc homozygous mutants and TSEN54 homozygous 
mutants displayed reduced locomotor function at the third instar larval stage (Figure 4). The 
cbc1, cbc3, TSEN541  homozygous larvae had significantly slower average speed when compared 
to the wildtype control larvae (Figure 4). When observed qualitatively, the OR larvae traveled 
longer distances with few turns, and the mutant larvae traveled in shorter paths with many jagged 
turns (Figure 5). Although TSEN542 homozygous mutants did not have a significant reduction in 
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average speed, qualitative analysis of the larval paths did show more jagged turns and shorter 




Figure 4: The cbc1, cbc3, and TSEN541 mutants display reduced locomotor function. The 
average speed of the larvae was measured in body lengths per second. Error bars represent 




Figure 5: Representative paths of wandering third instar larvae recorded for one minute on an 
agar stage. Each line represents one larval path. 
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Lastly, we analyzed the brains of the third instar larvae in order to determine if there was 
any microcephaly or apoptosis. We utilized mad2 sas-4 double mutant flies as a positive control, 
because these animals are known to have significantly reduced brain size and increased apoptosis 
in the brain (Poulton et al., 2017). When compared to OR, all of the cbc homozygous and 
TSEN54 homozygous mutants had significantly smaller brain lobe volumes (Figure 6). The cbc 
mutant brains were not as small as the mad2 sas-4 brains, but the TSEN54 mutants displayed 
similar brain lobe volumes to the positive control (Figure 6). The reduced brain lobe size of the 
cbc and TSEN54 mutants can also be qualitatively observed in the representative brain images 
(Figure 8). 
After the determination of reduced brain size, we wanted to know if the observed reduced 
brain size was a result of apoptosis. Therefore, we quantified the number of apoptotic cells in 
each brain lobe by staining for cleaved caspase 3, a marker of apoptosis (Poulton et al., 2017). In 
comparison to OR, the cbc1 homozygous mutants displayed the most significant increase in 
apoptotic cells, and the TSEN541 mutants displayed a lesser increase (Figure 7). Although the 
average number of apoptotic cells in cbc3 and TSEN542 was higher than OR, the values were not 
statistically significant (Figure 7).  
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Figure 6: Average volume of a single brain lobe of third instar larvae. OR was used as the wild-
type control and mad2 sas-4 was used as a positive control. Error bars represent standard error of 
the mean. *** p < 0.001. 
 
 
Figure 7: Average number of apoptotic cells per brain lobe of third instar larvae. OR was used 
as the wild-type control and mad2 sas-4 was used as a positive control. Error bars represent 





Figure 8: Representative images of third instar larval brain. OR is the wild-type control, and 
mad2 sas-4 is the positive control. Apoptotic cells are stained in green (anti-cleaved caspase 3), 





 Data from our study indicate that Drosophila melanogaster can be used as a viable model 
of human neurological diseases, such as Pontocerebellar Hypoplasia (PCH). Having this fruit fly 
model of PCH can allow us to observe and better understand the underlying processes of this rare 
human disease that can be difficult to study in humans. Through viability assays, locomotion 
assays, and brain imaging, we observed the neurological phenotypes of decreased viability, 
defects in locomotor function, and reduction in brain size in the fruit fly model.  
Interestingly, we observed a variation in severity of phenotypes in the different cbc and 
TSEN54 homozygous mutants. Of the three cbc mutations, the cbc2 allele was associated with 
the most severe reduction in viability that resulted in embryo lethality. This result is most likely 
due to a truncated protein from the early nonsense mutation in the fifth codon of the cbc protein 
sequence. Comparing the data of cbc1 homozygous and cbc3 homozygous mutants, the cbc1 
allele was associated with a more severe reduction in viability, locomotion, and brain size. This 
indicates that the point mutation found in the 37th codon has a stronger negative effect in the 
protein’s function than a p-element insertion in the 3' UTR, which likely affects overall 
expression of cbc. Of the two TSEN54 mutations, the TSEN541 allele was associated with more 
severe defects in locomotion and brain size. The TSEN541 allele consists of a p-element 
insertion earlier in the protein coding sequence than the TSEN542 allele, which may explain the 
difference in phenotype severity.  
            The characterization of the CLP1 and TSEN54 orthologs in Drosophila suggests that 
mutations in these genes result in phenotypes such as developmental delays, changes in larval 
path, early deaths in pupal stages, and reduction in brain size. However, to unambiguously assign 
these disease-related phenotypes to mutations in cbc and TSEN54, several verification 
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experiments are needed. First, we plan to determine the effects of the mutations on the cbc and 
TSEN54 protein levels by Western blot. Additionally, we plan to do rescue experiments, where 
we express wild-type cbc or TSEN54 in a mutant background to determine if the observed 
phenotypes are restored to wild-type levels. Finally, we plan to cross our cbc and TSEN54 
mutant flies with deficiency lines to determine if there are any second-site mutations associated 
with any of the alleles.  
 In conclusion, we were able to determine that human neurological diseases can be 
modeled in the fruit fly. We hope to expand our knowledge through further experimentation. In 
particular, we plan to directly test the products of tRNA splicing (tRNAs and tricRNAs) in our 
disease models. These proposed experiments will help us better understand the molecular 
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